The virulent Lactobacillus plantarum myophage LP65 was isolated from industrial meat fermentation. Tail contraction led to reorganization of the tail sheath and the baseplate; a tail tube was extruded. In ultrathin section the phage adsorbed via its baseplate to the exterior of the cell, while the tail tube tunneled through the thick bacterial cell wall. Convoluted membrane structures were induced in the infected cell. Progeny phage was detected 100 min postinfection, and lysis occurred after extensive digestion of the cell wall. Sequence analysis revealed a genome of 131,573 bp of nonredundant DNA. Four major genome regions and a large tRNA gene cluster were observed. One module corresponded to DNA replication genes. Helicase/primase and two replication/recombination enzymes represented the only links to T4-like Myoviridae from gram-negative bacteria. Another module corresponded to the structural genes. Sequence relatedness identified links with Listeria phage A511, Staphylococcus phage K, and Bacillus phage SPO1. LP65 structural proteins were identified by twodimensional proteome analysis and mass spectrometry. The putative tail sheath protein showed a shearinduced change in electrophoretic migration behavior. The genome organization of the structural module in LP65 resembled that of Siphoviridae from the lambda supergroup.
There is hardly any other biological system where horizontal gene transfer had such a rampant influence on genome evolution as in phages (19) . It is therefore very difficult to base a natural taxonomy of phages on genomics data. Phage taxonomy is currently based on phage tail and capsid morphology, the chemical type of genetic material, and some biological characteristics (1) . Phage biologists are increasingly uneasy about basing phage taxonomy on tail morphology as the primary taxonomical criterion. Different proposals have recently been made as to how taxonomy could be based on the growing amount of phage sequence data. One proposal was to subdivide the phage genomes into their constituent modules, classify the individual modules according to sequence similarity, and describe the phages by a type of code bar where each number refers to a specific allele (gene cluster) for each individual module (25) . However, if the number of different alleles for a given module is great and the number of modules composing a phage genome is substantial, the system will quickly become clumsy. Another approach takes a radically different position. It ignores the modular structure of phage genomes and crunches the sequences of phage genomes into a computer program that develops a proteome tree for the phages (49) . This approach hinges on the hypothesis that there is, on average, a relatively good association between different modules constituting a phage. Proux et al. finally proposed to base the taxonomy of phages on the comparative genomics of the structural genes, and mainly the head gene cluster (47) , which is probably the oldest and, in our experience, the most conserved phage module (8) .
All three proposals are based on phylogeny concepts for phage evolution. Since phages (like all viruses) do not belong to the universal tree of life, we cannot take the principles of Darwinian evolution for granted. In addition, our knowledge of the sequence diversity of phage genomes is still very fragmentary. In fact, the first metagenomics analyses of viral genomes in the ocean suggested a substantial diversity of viral genomes in the environment, with the majority of the sequences finding no database matches (6) . Based on statistical calculations, it was proposed that phage DNA sequences might represent the largest share of the DNA sequence space in the biosphere (48) . However, these estimations contrast with the sequencing of the few marine phage genomes, which revealed links to described phage types at least at the level of genome organization. T4-, T7-, and lambda-like phages were detected among marine phages (10, 43) . Sequencing projects painted distinct pictures for phages infecting different bacteria. For example, a bewildering diversity of phage types was observed for mycobacteria (44) . In contrast, dairy phages constituted a relatively close-knit group (7) . In addition, some phage types showed a wide evolutionary reach. For example, a lambda-like supergroup of Siphoviridae (phages with flexible, noncontractile tails) was defined in gram-negative and gram-positive bacteria and even in Archaea (8, 46) . Similarly, T4-like Myoviridae (phages with contractile tails) (37) showed a wide distribution ranging from ␥-proteobacteria to cyanobacteria (18, 50) . Surprising degrees of sequence conservation were observed for T4-like head genes over this phylogenetic range.
Myoviridae with large genomes were also reported in grampositive bacteria (21) , and the sequence of one representative was reported recently (39) . The genome sequence and biological characterization of Lactobacillus plantarum myovirus LP65, presented in the present communication, defines it as a close relative of Staphylococcus phage K, Listeria phage A511, and Bacillus phage SPO1. Over the structural module, the SPO1-like genus of the family Myoviridae shares a closer relationship with Siphoviridae from the lambda supergroup than with other genera of Myoviridae. The tail morphology, used in the current taxonomy system of the International Committee on Taxonomy of Viruses (ICTV) for the classification of tailed phages (order Caudovirales), therefore does not represent their phylogenetic relationships. The blocks were then analyzed by electrophoresis in a 1% (wt/vol) agarose low-melting-point gel in 0.5% TBE (45 mM Tris-borate and 1 mM EDTA) for 20 h at 6 V/cm and 14°C, with a pulse time of 1 to 20 s, in a CHEF-DRII apparatus from Bio-Rad. The gel was stained for 30 min with ethidium bromide (0.5 g/ml). Protein techniques. The proteins from untreated phage, phage sonicated for 30 s at a duty cycle of 40%, or phage sheared 10 times through a syringe were separated on an SDS-12% polyacrylamide gel at 10 mA. Protein markers from Bio-Rad were used for molecular mass calibration.
Peptide mapping was performed as described previously (12) . Protein bands were cut and soaked in 125 mM Tris HCl (pH 6.8)-0.1% (wt/vol) SDS-1 mM EDTA. Each band was transferred in a slot of a one-dimensional (1-D) conventional SDS-12% polyacrylamide gel electrophoresis (PAGE) gel. Ten microliters of Staphylococcus aureus V8 protease (Sigma) at a concentration of 1 g/l mixed with 10% (vol/vol) glycerol was added to the slot. Migration was performed at 35 mA for 30 min. The current was switched off for 30 min, followed by a 5-h electrophoresis run. The peptides were visualized with a commercial silver-staining kit.
For 2-D electrophoresis, purified phages (200 g) were heated at 98°C for 20 min. After 10 min at room temperature, preparations were solubilized in an extraction buffer (1:1) containing 8 M urea, 2 M thiourea, 1% (vol/vol) NP-40, 2% (wt/vol) 3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesulfonate (CHAPS), 20 mM dithioerythrol (DTE), 2% immobilized pH gradient (IPG) buffer, and bromophenol blue for 4 h at room temperature. IPG dry strips (18 cm; Pharmacia) from pH 4 to 7 were rehydrated overnight with the solubilized proteins. Isoelectric focusing was conducted on an IPGphor instrument (Pharmacia Biotech) for 24 h (60,000 V/h). Strips were equilibrated for the second dimension in 5 ml of buffer containing 50 mM Tris-HCl (pH 6.8), 6 M urea, 30%(vol/vol) glycerol, 2% (wt/vol) SDS, and 1% (wt/vol) DTE. After 10 min at room temperature, strips were transferred for another 10 min to the equilibration buffer, where 1% (wt/vol) DTE had been replaced with 2.5% (wt/vol) iodoacetamide and 0.5% (wt/vol) bromophenol blue. The strips were then transferred onto the surface of an SDS-10 to 20% polyacrylamide gel. Protein separation was done in a Protean Plus apparatus (Bio-Rad) at 40 mA/gel at 4°C. Protein were then fixed in 12% (vol/vol) trichloroacetic acid, stained with Coomassie brillant blue G-250, and destained with 7% (vol/vol) acetic acid.
Mass spectrometry (MS). The protein spots of interest were excised from the gel and washed in aqueous 50% (vol/vol) acetonitrile followed by 0.1 M NH 4 HCO 3 . The excised proteins were reduced in 10 mM DTE (45 min at 56°C) and alkylated in 55 mM iodoacetamide (30 min at room temperature). In-gel trypsin digestion was performed in 50 mM NH 4 HCO 3 -5 mM CaCl 2 , and proteins were incubated overnight at 37°C. Resulting tryptic peptides were extracted in 50% (vol/vol) acetonitrile (ACN)-0.1% (vol/vol) trifluoroacetic acid and desalted on a ZipTip C 18 column (Millipore).
For nanoelectrospray ion trap (nano-ESI) MS (tandem MS [MS/MS])
, tryptic peptides were resuspended in 10 l of methanol hydroxide-H 2 O-acetyl hydroxide (50:50:0.1), and 2 l was loaded on an Au-Pd-coated capillary (Protana). The capillary was positioned by using a binocular on the nano-ES interface of the Q-Tof2 mass spectrometer (Micromass, Elstree, United Kingdom). This MS instrument was equipped with an orthogonal ES source (Z-spray) operating in positive-ion mode. Argon was used as the collision gas for the MS/MS experiments, with the pressure set at 4 mPa. Data acquisition and analysis were performed by using MassLynx 3.5 software (Micromass).
[Glu]-fibrinopeptide was used for mass calibration.
Sequencing. DNA of the purified phage LP65 was isolated, sheared to a size of about 1 kb, shot gun cloned into plasmid pUC18 in Escherichia coli, and sequenced to eightfold coverage at GATC (Konstanz, Germany).
Open reading frames (ORFs) were predicted with the FrameD program (Toulouse Bioinfo INRA) by using ATG, GTG, and TTG as possible start codons and a minimum size of 30 amino acids. Nucleotide and predicted amino acid sequences were compared in the GenBank, EMBL, PIR-Protein, SWISS-PROT, and PROSITE databases. Additional database searches were conducted using BLAST (4) and PSI-BLAST at the National Center for Biotechnology Information and FASTA (27) . A search for tRNA genes was conducted using the tRNAscan-SE program (29) . The motif search was performed by using Pfam.
Preliminary sequence data for phage SPO1 were obtained from the Pittsburgh Bacteriophage Institute website at http://pbi.bio.pitt.edu. Sequencing of SPO1 was accomplished with support from the National Institutes of Health.
Nucleotide sequence accession number. The genome from phage LP65 was deposited at GenBank under accession number AY682195.
RESULTS
L. plantarum phage ecology. L. plantarum is involved in the fermentation of vegetables (sauerkraut, pickles) (30, 54) , coffee, meat (38, 51) , and silage. In addition, L. plantarum is a commensal in the alimentary tracts of mammals, including humans (24) . We screened the Nestlé Culture Collection for L. plantarum phages. One phage was isolated from silage of an Italian farm (LP45), another phage was obtained from maize fermentation yielding chicha, a traditional South American beverage (LP76 isolated in Ecuador), 15 phages were isolated from fermented coffee in Columbia (CC1 to CC15), and 1 phage was isolated from meat (salchichon salami in Spain; phage LP65). Two isolates (LP43 and LP78) were of unspecified origin. Sixteen phage isolates were Siphoviridae (10). Four isolates (LP43, LP65, CC12, CC13) showed the morphology of Myoviridae (Fig. 1) .
LP65 was chosen for more-detailed investigation. The phage was isolated in 1992 from a Spanish salami factory that encountered problems of salami discoloration after 2 weeks of fermentation. Phage LP65 infected L. plantarum and Carnobacterium sp. strains associated with the fermented meat. The L. plantarum reference myophage fri (21, 51) infected the same L. plantarum strains as LP65, but none of the Carnobacterium sp. strains. Phages LP65, LP45, LP76, and LP78 showed distinct, nonoverlapping host ranges on L. plantarum strains LP65, LP45, LP76, and LP78, respectively (the phage names were actually derived from the code names of the strains on which they were isolated). LP65 also infected the recently sequenced L. plantarum strain WCFS1 (24) .
LP65 morphology. The contraction of the tail defined LP65 as a myovirus (Fig. 1A) . Negative-staining electron microscopic pictures were obtained with different salts. Uranyl acetate allowed better resolution of the tail striation (Fig. 1B) , while ammonium molybdate permitted better visualization of the baseplate (Fig. 1C ) and head structure (Fig. 1D) . Phosphotungstic acid stained a structure within the contracted tail (Fig. 1E) . The polygonal head is linked via a neck structure to the tail (Fig. 1A , G, and H), which ends with a baseplate structure and a thin tail fiber (Fig. 1F) . Upon contraction, the baseplate changes its conformation substantially (compare Fig.  1F and G), it moves up with the shortened tail, and a tail tube extends from the tail sheath (Fig. 1G) . The tube showed a faint terminal swelling (Fig. 1A) , and phages were frequently observed to adhere by their tube ends, sometimes building large phage bouquets.
The distance between the individual stacks of the tail was (Fig. 1H) . The stacks showed globular structures, possibly representing the individual tail protein monomers. The tail length in the extended conformation was 193 Ϯ 8 nm, and the width was 19.5 Ϯ 1.2 nm when stained with uranyl acetate (n ϭ 68). The corresponding dimensions for molybdate-stained phages were smaller, but not substantially so (e.g., 186 Ϯ 8 nm for the tail length) (n ϭ 30). Globular structures were visualized at the end of the extended tail. The globules are connected with a stalk to the tail structure in a grape-like fashion ( Fig. 1C and F) . In contracted phages, a dramatic reorganization of the entire tail structure was observed (Fig. 1A) . The length of the tail decreased to 115 Ϯ 5 nm, while the width increased to 25 Ϯ 1 nm (uranyl acetate values) (n ϭ 42). The parallel striation was replaced by an oblique chevron-like pattern (Fig. 1A) . A 59-Ϯ 6-nm-long tube with a width of 11 ϩ 1 nm extended from the contracted tail (n ϭ 25). The baseplate also showed a substantial structural change: three parallel interconnected planes perpendicular to the tail could be discerned (Fig. 1G) .
To explore the head dimensions, the original image was transformed into a gradient image (17) , which allowed a definition of the top of the polygon and the medians (Fig. 1I) . Segmentation of the head was then done without any geometrical constraints or by using a polygonal or a parabolic model for the edges (17) . The edge length was determined to be 60.8 Ϯ 3.1 nm (molybdate staining) (n ϭ 45) and did not differ substantially between methods. Triangular and more complicated polygonal surfaces were displayed by many LP65 particles (Fig. 1D ). On these surfaces, chain mail-like circular structures could be identified (Fig. 1A , G, and I). Infection cycle. LP65 yields clear plaques of about 1 mm. Cells were infected with an MOI of 3 at an optical density of 0.1 at 600 nm. The first progeny extracellular phage was detected at 100 min p.i. A final titer of 5 ϫ 10 9 PFU of extracellular phage/ml was reached at 130 min p.i. Phage proteins became visible on the background of cellular proteins at 80 min p.i. (data not shown). Cells were recovered at the different time points and investigated by ultrathin section electron microscopy. In the early infection phases, two types of phage particles were adsorbed to the cell wall ( Fig. 2A ). One particle type had an electron-dense head interior, suggesting a phage head filled with DNA. A small rim of less electron-dense material probably represents the isometric hexagonal protein shell of the phage capsid. The other adsorbed phage type had an electrontranslucent head suggestive of a phage that had already ejected its DNA. The adsorbed phages showed a diffuse broadening of the tail near the cell wall, which probably represents the baseplate of the contracted tail contacting the cell surface ( Fig. 2B and D). In several ultrathin sections, an extension of the tail was seen tunneling through the cell wall layer ( Fig. 2A and C). We interpret this structure as the tail tube of the contracted tail. The end of this tube comes close to the cell membrane, probably to mediate transport of the DNA into the cytoplasm. The cell wall underlying the phage adsorption site frequently bulged into the cytoplasm ( Fig. 2A and C) . As the phages showed a tendency to adsorb next to the septum of dividing cells ( Fig. 2B ), one might wonder whether the bulge represents an early septum formation step. Targeting dividing cells would ensure a metabolically active cell. A frequent sign of early infection was membrane convolutions inside the infected cell ( Fig. 2D and E). They resembled the structures observed in L. plantarum exposed to bacteriocins, suggestive of a cellular stress reaction to phage infection (13) . Alternatively, the physical penetration of the phage DNA itself might also cause the convolution of the membranes. Mesosomes from L. plantarum showed a distinct ultrastructure (22), and we failed to detect the membrane convolutions in a large series of uninfected L. plantarum cells. At later times of infection, the cell wall had largely disappeared and the cytoplasm showed a central clearing containing structures suggestive of phage heads (Fig. 2F) . DNA-filled and empty phage heads were clearly observed in the cytoplasm released from lysed cells (Fig. 2G) . Phage LP65 DNA analysis. Myophages LP65 and fri, which could be propagated on the same lysogenic host strain, L. plantarum LP65, showed clearly distinct restriction patterns (Fig.  3A) , which differed also from the DNA of the siphophage LP651 induced with mitomycin C from the lysogen (Fig. 3B) . Superinfection with phage LP65 did not induce this prophage, since screening of several hundred electron microscopic fields of a phage LP65 preparation produced on the lysogenic strain revealed not a single siphophage.
The siphophages LP45 (silage; Italy) and LP76 (beverage; Ecuador) showed restriction patterns distinct from each other and from the myophages LP65 and fri (Fig. 3C) . In Southern hybridization, labeled LP65 DNA cross-hybridized with phage fri DNA, but not with DNA from siphophages LP45 and LP76 (Fig. 3D) . Pulsed-field gel electrophoresis demonstrated for phages LP65, LP43, and fri an estimated genome size of 130 kb, well below the ca.170-kb genome size of T4-like Myoviridae from E. coli, but far above the 50-kb genome size of beta 4-like siphophage from E. coli (Fig. 3E) .
LP65 protein analysis. On SDS-PAGE gels, CsCl gradientpurified phage LP65 showed two major proteins of 55 and 33 kDa and minor proteins of about 100, 40, 30, and 17 kDa (Fig.  4A) . In contrast, myophage fri showed two major proteins of 65 and 55 kDa but lacked a major 33-kDa protein (Fig. 4A) . The latter pattern corresponds to that reported for Myoviridae from gram-positive bacteria (21, 28) . Interestingly, mechanical shearing of phage LP65 led to disappearance of the 33-kDa protein and the appearance of a 65-kDa protein ( Fig. 4B ; compare lane 1 with lanes 2 and 3). Peptide mapping of the V8 protease-digested 33-kDa (Fig. 4C, lane 4) and 65-kDa (Fig.  4C , lanes 5 and 6) proteins showed an identical digestion pattern, suggesting two different conformations of the same protein with grossly distinct migration properties on SDS-PAGE gels induced by shearing and concomitant tail contraction. In 2-D gels, untreated LP65 showed major 65-to 55-kDa proteins that migrated as streaks, but no major 33-kDa protein (Fig. 5) . Note that phage LP65 was treated with urea, a chemical known to induce tail contraction in T4-like phages (5), before 2-D electrophoresis, again suggesting a link between the 33-to 65-kDa protein transition and the tail contraction process.
The phage proteins with lower molecular weights yielded relatively clear spots at acidic pHs, while a protein of about 15 Streak B, migrating at 55 kDa, provided peptides covering two-thirds of gp 109, the likely major capsid protein with a predicted molecular size of 56,293 Da (Fig. 5 ). Spot C also gave peptides corresponding to gp 109; no chemical modifications that could explain the changed focusing behavior of this protein were identified by MS/MS. Spot D gave peptides from gp 51, lacking database matches and encoded downstream of the DNA replication gene cluster. In contrast, spots E and F provided peptides from gp 91 and gp 102, respectively, representing a possible tail fiber and a tail protein, respectively. LP65 genome sequence. The LP65 DNA was sheared and cloned as approximately 1-kb fragments. After an average eightfold sequencing coverage was attained, the phage genome was assembled into a single large contig of 131,573 bp. On this contig 165 open reading frames with more than 30 codons each were identified (Table 1) . Several ORFs were probably created by mutations, either by the introduction of a premature stop codon (ORFs 84 and 85) or by the insertion of HNH endonuclease genes, which are frequently intron associated in phages from lactic acid bacteria (16) . Endonuclease genes carried on ORFs 114, 126, and 143 were inserted into the likely largesubunit terminase gene, a gene encoding a putative membrane protein, and a possible transcriptional regulator gene, respectively. Fifteen ORFs started with an unusual initiation codon (GTG or TTG).
Three major genome regions could be differentiated upon analysis of the distribution of the coding sequences on the two DNA strands (Fig. 6) . The first large cluster is represented by the leftward-oriented ORFs 5 to 76. ORF 5 is followed by 3.5 kb of gene-poor DNA, and ORF 76 is preceded by a large cluster of 14 tRNA genes and a small group of 6 rightwardoriented genes. The second large cluster is constituted by ORFs 88 to 119, which are again all leftward oriented. The third cluster consists of the rightward-oriented ORFs 120 to 165.
The observed database matches allowed a first tentative subdivision of the LP65 genome into modules (Table 1) . ORFs 53 to 76 contained a number of genes with links to DNA replication functions (RecA, DNA polymerase, DNA primase, DNA helicase, and several recombination endonucleases). The recombination enzymes shared significant sequence identity with gp 41, gp 46, and gp 47 from the T4-like E. coli phages RB69 and RB49 (53) . These genes were together with the ectopically placed helicase-ATPase encoded by ORF 123, the only links to T4-like Myoviridae from gram-negative bacteria.
ORFs 5 to 52 seem to represent a distinct module unrelated to DNA replication. The most frequent links are with prophages from L. plantarum, suggesting species-specific functions. Another large cluster, ORFs 88 to 119, represents the likely structural genes from phage LP65, with links to Listeria phage A511 (28) , Staphylococcus phage K (39), and Bacillus phage SPO1 (Fig. 6) . These links allowed a tentative identifi- cation of the major tail sheath (ORF 103) and the major capsid protein (ORF 109). A further large gene cluster is represented by ORFs 120 to 165, the only large rightward-oriented genome region (Fig. 6) . The database matches do not allow speculations on its function. Relatively prominent were links with genes from L. plantarum (n ϭ 4) and other low-GC-content gram-positive bacteria (n ϭ 5). Six genes, including two encoding HNH endonucleases, shared sequence relatedness with phage SPO1. Comparative genomics. Thirty-two LP65 ORFs shared significant sequence identity with Bacillus subtilis phage SPO1 (Table 1 ; Fig. 6 ) retrieved from the website of the Pittsburgh Bacteriophage Institute (http://pbi.bio.pitt.edu/). However, the sequence relatedness was observed only at the protein level and was not higher than that shared with Listeria phage A511, which ranged from 25 to 56% amino acid identity (Fig. 7) . Thirty LP65 ORFs shared significant protein sequence identity with Staphylococcus phage K. There was substantial overlap among all three phages: 20 ORFs showed sequence relatedness among phages LP65, K, and SPO1. This similarity was especially pronounced over the structural genes. The putative terminase, portal, minor and major head, tail sheath, and a number of structural genes further downstream were well conserved. Variability was introduced by gene replacements (e.g., LP65 ORF 110) and gene insertion/deletions (e.g., LP65 ORF 101).
The SPO1-like genus of the family Myoviridae, an ICTVrecognized genus in this phage family, showed no relatedness in genome organization to T4-like Myoviridae; the only links were the sharing of four sequence-related DNA replication genes (Fig. 6) . In contrast, fascinating relationships with siphophages from the lambda supergroup (8) were detected (Fig. 7) . As in phages from the lambda superfamily, the largesubunit terminase gene in LP65 precedes a putative portal protein-encoding gene. Both LP65 proteins still shared significant protein sequence identity with siphophages, which further substantiates the evolutionary links between these phage groups (Fig. 6) . Between the portal and the major capsid gene, LP65 showed two genes, which in the lambda superfamily would correspond to a minor head protein (ORF 111) and a scaffold protein (ORF 110). Actually, in the lambda supergroup, two subtypes were identified: the Sfi21 type, with the portal-protease-head gene constellation, and the Sfi11 type, with the portal-minor head-scaffold-major head gene constellation (8) . LP65 appears more related to the latter type, in agreement with the observation that no proteolytic processing of the major head protein was observed by mass spectrometry. The LP65 major head gene (ORF 109) is separated from the major tail protein (ORF 103) by four genes, which in the lambda superfamily represent candidate head-to-tail joining genes. These genes are longer than the corresponding lambda genes, which could reflect the morphologically more prominent neck structure in SPO1-like phages than in lambda-like phages. In phages from the lambda supergroup, the following gene order was observed: major tail gene-two tail genes-a large tail tape measure gene-a further large gene encoding the phage anti-receptor (8, 14) . A strikingly similar genome organization is found in LP65. Four genes, one with sequence links to a Staphylococcus siphophage 12 (20) tail protein, separate the major tail gene from a long gene sharing protein sequence similarity with the tail tape measure gene from the Lactobacillus siphophage adh (3). The next long gene shared links with side tail fiber proteins from E. coli siphophages over two protein domains. Further downstream, seven additional proteins were observed; two were distantly related to potential tail genes from siphophages. This number is greater than that normally found in lambda-like Siphoviridae. This larger number of putative LP65 tail genes should not be surprising in view of the complex tail structure. As in Siphoviridae from low-GCcontent gram-positive bacteria, the lysis cassette in LP65 directly followed the structural genes. Phage LP65 and K comparison. Phages LP65 and K showed the same overall genome organization, i.e., a central location of the DNA replication and structural gene modules, flanked by long arms of genes at both genome ends transcribed in opposite directions. The structural gene cluster was the most conserved genome region among phages LP65, K, and SPO1. The gene order of the structural module was largely colinear except for an apparent insertion (ORFs 36 to 40 in K) and a rearrangement of possible tail genes (ORFs 56, 59, and 61 from K), which had homologues in a side arm of the LP65 genome (ORFs 131 to 134 in LP65). The two side arms consisted of about 40 ORFs in each of the phages compared and contained mainly genes without database matches, indicating phage strain-or host species-restricted gene functions. The DNA replication module was the second conserved region of phages LP65 and K. In LP65 a helicase gene was found in an apparently ectopic position (ORF 123). Both phages differ markedly with respect to the position of the lysis cassette and the tRNA genes. Intron-associated HNH endonuclease genes were found in both phages, but they were located in different ORFs. We suspect that introns are much more widely distributed in phages than initially anticipated. In fact, HNH endonuclease genes were also associated with introns in phages infecting evolutionarily related bacterial hosts, such as Streptococcus thermophilus. An ecological survey of S. thermophilus phages revealed introns in all phages containing a defined homing sequence in the phage lysin gene (16) . While all group I introns of bacteria have been localized to the anticodon position of tRNA genes, phage introns have been detected in a number of distinct genes, demonstrating flexibility in the intron homing process between phages. Closely related phages differ substantially in the distribution of endonuclease genes (e.g., Lactococcus lactis phages bIL170/sk1 [15] ; E. coli phages T4/JS98 [11] ), suggesting that these elements probably do not play an important functional role but represent selfish DNA hitchhiking phage DNA.
DISCUSSION
At the level of morphology, L. plantarum phage LP65 resembled Bacillus SPO1 phages (40) (41) (42) , but the phages differed in tail length (Table 2 ). In contrast to SPO1, a tail fiber was observed in LP65. A further contact between phage LP65 and the cell surface is apparently mediated by the baseplate in its contracted conformation. SPO1 (40) and LP65 demonstrated a marked reorganization of the baseplate with tail contraction, but the initial and subsequent baseplate forms clearly differ from that of T4-like Myoviridae in gram-negative bacteria (23) . After tail contraction, a tube extends from the tail. Thin-section electron microscopy demonstrated that the LP65 tail tube tunnels through the cell wall. The tube then probably contacts the cell membrane, but not much is known about the process of DNA injection by phage infecting lactic acid bacteria. Prophages from dairy bacteria encode membrane proteins that interfere with the siphophage DNA injection process (34) . Gene inactivation studies identified bacterial membrane proteins that apparently served as sites for DNA injection by siphophages (32) . Biochemical and genetic experiments combined with thin-section electron microscopy might provide further insights into these early steps of phage infection. Notably, phage LP65 can infect lysogenic L. plantarum cells, including the sequenced WCFS1 strain, which contains three prophages (24) . LP65 appears obligately lytic and does not have a genetic switch region. It would thus not be suppressed by superinfection immunity exerted by a CI-like repressor. However, LP65 apparently also defies the superinfection exclusion systems of the resident siphovirus prophages (52) .
The presence of several phage genomes in the same L. plantarum host cell opens possibilities for gene exchange between the superinfecting virulent myophage and the resident temperate siphophages. However, Southern hybridization and genome sequence analysis did not reveal recent gene exchanges between the phages investigated, the criterion for recent exchange being high-level DNA sequence identity between L. plantarum myo-and siphophage genes. One reason for this lack of gene exchange could be that the superinfection of the lysogen with LP65 apparently did not lead to activation of B. subtilis myophage SPO1, respectively. The matching SPO1 genes are indicated with their gene numbers. Red and grey flags below the ORF indicate significant and weak matches with Staphylococcus phage K, respectively. Genes sharing amino acid sequence identity with T4-like myophages are marked with an asterisk. Gene products identified by MS/MS are circled in red. Dotted circles represent identifications with low scores (Sequest scores of Ͻ20).
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on October 23, 2017 by guest http://jb.asm.org/ the resident prophages. Previously, it had been established that the WCFS1 prophages are not mitomycin C inducible, suggesting inactivating mutations in the prophages (52). However, several LP65 genes shared protein sequence relatedness with temperate phages from L. plantarum or the bacterial host. This observation suggests that lateral gene transfer between myoand siphophages and the L. plantarum host occurred in a more distant past. SPO1-like myophages from gram-positive bacteria present a new genome organization that differs clearly from that of the other established genera of Myoviridae and recently sequenced unclassified Myoviridae. Apparently, a contractile tail structure can be built by phages that do not share overall genome or structural gene organization (e.g., T4-, P2-, Mu-, and SPO1-like myophages). This observation raises the possibility that the contractile tails in Myoviridae have evolved several times and are the product of convergent evolution. Notably, the comparative-genomics analysis of the structural gene cluster from myovirus LP65 suggested a more recent shared ancestor with lambda-like Siphoviridae than with Myoviridae outside of the SPO1 group. This raises the possibility that a basic lambda-like structural gene cluster can also acquire and adapt supplementary genes encoding a contractible tail sheath and baseplate proteins. The increasing morphological complexity is reflected by the larger number of putative tail genes in LP65 than in the structural gene cluster in Siphoviridae from the lambda supergroup. Apparently, not all structural genes in LP65 and phage K are concentrated in a single structural gene cluster, as suggested by the location of at least one major structural gene directly downstream of the DNA replication module. Such a situation is already known from T4-like phages, where the baseplate genes come in two separate clusters (baseplate hub and baseplate wedge genes) and the tail fiber genes are encoded elsewhere in the genome (36, 37) . Only 8 to 10 structural proteins were identified in phages LP65 and K. On the basis of the genome analysis, one might expect at least 22 structural proteins in LP65. Even more structural proteins were identified in SPO1 by labeling experiments (41) . Detailed proteome analysis for SPO1-like phage types is thus clearly warranted.
Genome size also sets the SPO1-like genus of the family Myoviridae apart from the other genera of Myoviridae (33 (45), which is present as a direct repeat, yielding a genome of about 145 kb. The pulsed-field gel electrophoretic data from LP65 make such a large terminal redundancy unlikely. In fact, the nonredundant DNA size from LP65 determined by sequencing is close to the estimated overall genome size. However, we do not have direct experimental evidence that the terminal DNA segments determined by sequencing correspond to the actual ends of the LP65 genome. These ends can in principle be obtained by direct sequencing using the phage DNA as a template and primers placed at the ends of the assembled sequence. In fact, the genome size of SPO1-like phages is close to that of the large Bacillus siphophage SPBc2 (134 kb) (26) . However, no sequence relatedness links phages LP65 and K with siphophage SPBc2, while many LP65 genes showed matches with lambda-like siphophages from low-GCcontent gram-positive bacteria demonstrating much smaller genomes than SPO1-like myophages.
Comparative genomics in the SPO1 phage group allowed some tentative inferences. As in the case of Siphoviridae from low-GC-content gram-positive bacteria (8) , Myoviridae from the same group of bacteria showed graded relatedness. Myophages LP65 and fri (21, 51) infecting the same bacterial species (L. plantarum) shared extensive DNA sequence identity, as demonstrated by cross-hybridization in Southern blot analysis. Lactobacillus phage LP65 shared extensive protein sequence identity, mainly over the structural genes, with Bacillus phage SPO1 and Staphylococcus phage K, but not DNA sequence identity. Finally, over the structural genes, LP65 shared a related genome map with Siphoviridae from the lambda superfamily (31), but only weak protein sequence identity.
As in the case of other phage groups (e.g., the Sfi21-like Siphoviridae, the T4-like Myoviridae), the structural genes represent the most conserved genome cluster in SPO1-like Myoviridae, followed by the DNA replication genes. This central core of the genome shows some flexibility: gene replacements, insertions, and deletions are apparently permitted, as well as gene relocations into other genome regions. In contrast, large nonconserved gene clusters are found at the right and left arms of the linear SPO1-like phage genomes. In fact, the LP65 gene clusters downstream of the DNA replication module nearly 
FIG. 7. Comparative genomics suggests an Sfi11
Siphovirus-like organization of the putative structural gene cluster from LP65. The deduced structural gene map from LP65 (center) is aligned with the corresponding region from Listeria myophage A511 (top). Genes sharing protein sequence identity are linked by different intensities of shading (numbers give the percent amino acid identity). Likewise, the LP65 gene map is also aligned with the structural gene map from S. thermophilus phage Sfi11, the type phage of a widely distributed class of lambda-like Siphoviridae in low-GC-content gram-positive bacteria. The modular structure of the Sfi11 structural gene cluster is indicated by the color code as analyzed previously (31) , and selected genes are indicated with their deduced functions. Double-headed arrows link genes possibly sharing the same functions according to database matches obtained for LP65 ORFs. The colinearity of the gene maps from the phages suggests the modular structure for LP65 and A511 indicated by the color code. lacked links to phage K and SPO1, while a number of links were observed with the bacterial host and its prophages. This region might thus code for genus-or even species-specific gene functions. The LP65 gene cluster upstream of the structural genes showed more matches with entries from the database than the other LP65 genome arm, but no function could be proposed for this segment. The corresponding genome arm in phage K largely lacked database matches (39) .
The analysis of the SPO1-like phage genomes extends the evolutionary reach of the lambda-like structural gene module and provides a fascinating bridge between Siphoviridae and Myoviridae. Such links had already been suggested by chimeric prophages combining lambda-like siphovirus head genes with P2-like myovirus tail genes (2). These two morphologically differentiated groups of phages are thus apparently in genetic contact. In contrast, phages classified into different genera of Myoviridae do not share much genomic similarity, and only a few genes, restricted to DNA replication functions, were exchanged between SPO1-and T4-like Myoviridae. These observations question the usefulness of phage tail morphology as the primary criterion in phage taxonomy. Myoviridae are certainly not a natural group of phages, but a group artificially united by a phage tail contraction process that most likely evolved independently several times. Should we therefore abandon the current ICTV-backed phage taxonomy? The answer is probably no. At the moment we cannot recommend replacing the morphology-based taxonomy with a genomics-based taxonomy. First, a taxonomic system does not necessarily have to reflect the phylogenetic relationships of its constituents. Second, we do not yet know whether a genomics-based taxonomy will lead us to a practical classification scheme. In fact, we do not yet have a precise idea about the genetic complexity of the global phage population (9, 19, 48) . The independent sequencing of Myoviridae with large genomes in low-GC-content grampositive bacteria identified recurrent principles of genome organization in these phages. From a taxonomic viewpoint, this result is most interesting: the genetic diversity of phages at least in this restricted group of bacterial hosts is apparently not so great that it defies taxonomical approaches. The link of the structural genes of SPO1-like phages with those from the lambda supergroup suggests that we might finally address only a limited number of basic types of phage genome organization in many bacterial groups.
